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\ ABSTRACT
\
. Using four compmon catalysts the existence and magnitude of eynergistic
effects upon burn rate are studied with HIPB-AP composite solid propellants.
Thz effect under study is one whereby at a fixed total catalyst loading the
mixture of two catalysts would be more effective in burn rate augmentation
than a single catalyst. At 2000 psia all possible combinations of catalysts
showed synergistic effects but the c¢fiects are weak and within the reproduci-
bility range of the experiments. Ferric oxide and iron blue showed synergistic
efrects only at 300 and 2000 psia over the pressure range 300.2000 psia.
Anelysis of the effect of binder-oxidizer reactions upon the surface
shepe of & two-dimensional sandwich has showd that a) ithe faster are these
reactions the more deeply will the sandwich cbtaein a V-ghape and b) these

raactions are generslly fest eleugh to indeed affact the surface shape.
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INTRODUCTION

The current investigation represents a continuation of the work initiated

at the Georgle Institute of Technology, which has been presented in References

1 and 2. In these investigations two-dimensional composite solid propellant
sandwiches of polycrystalline ammonium perchlorate (AP) oxidizer and hydroxyl
terminated polybutadine (HTPB) binder were used to investigate various modes of
catalytic behavior. Four proven burn rate modifiers which behave as catalysts
have been used throughout these ongoing investigations. They are Harshaw Catalyst

Cu G202 P, ferric oxide, iron blue and ferrocenc.

Juring the first phase of this investiga.tion(l) the catalysts were loaded
inte either the oxidizer or binder or restricted to the binder-oxidizer interface
ol twe-dimensional sandwiches. Vertical sandwich burn rates and oxidizer normal
regression rates wore obtained using cinephotomacrography techniques. Details of
the surface giructure were obtained by using the scanning electron microscope to
ocbgerve partially burned samples. It was determined that if one effective catalyst
wag ddded to the oxidicter and another to the binder, there was a net increase of
burn rate aver that of the sum of the independent actions of the catalysts. This
sorbined effect was denoted as a positive synergistic effect on sample burn rate.
The existence of this synergistic effect for the four catalysts was systematically
inwstig&ted(a using the $wo-dimonsional sandwiches. The Harshaw catalyst Cu 0202 P -
ferric oxide systen, Mg. 1, and iron blue-ferric oxide system, Fig. 2, vwere found
te oxhibit a pesitive synergistic effect over the entire pressure range, 600 to
20 poin and the maxdieun sywergistic effcct at 600 psia, respectively. The burn

rete ratio on Mgs. 1 and 2 is the ratio of tbe burn rate of the catalysed sam-

ple to the burn rate of a pure AP-HIFS saxplo.
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These two systems were chosen for further testing in cast propellant con-
figurations. The initial samples were prepared with the same volumectric loading
as in the sandwiches. The strands werc prepared from a common lot of uncured
composite propellani with an 82.7% solids to 17.3% binder loading. The oxidizer
particle distribution was:

180 um < 70% < 212 un

37 wm < 309 < 45 um .
Tne sample burn rate for the uncatalyzed propellant agreed with the data for pro-
pellant # 78 in the Princeton University test series (3) . The catalyst was added
to the uncured propellant at a weight percent of 2.41. Tests of the Harshaw cat-
alyst Cu 0202 P - ferric oxide and iron blue-ferric oxide systems showsd no pos=-

(2)

itive synergistic effect at 600 vsia‘™ .

These cast propellunt samples were initially prepared to contain on average
the swne volw:etric loading of catalyst as the sandwiches. But for the cast pro-
rellants all of the catalyst is suspended in the binder asatrix, which constitutes
s of tha sample. Since 2.4 of catalyst was added to the cast propellant sam-

*s the winder matrix contained 14.2vwh of the catalyst. The binder matrix for the
sandwiches contadned L.8% of catalyst. This increase of catalyst in tha binder
affectsd the eurs and the strengih of the binder. This high catalyst leading in
the binder may be above the amount required for maxirusm burn rate sugmentation.

In order to investigate this possibility further, & new set of samples were preo-
pared using a reduced toisl catalyst loading of 1% catalyst by weight, This ree

duced the effective binder loading to 5.9%.

The current study has continued the investigation of synergistic effcets on
sample burn rate in cast composite propeilants with 1wl of catalyst. An experimental

procedure has been developed to produc~ a cast propellant that can be used @3 & cos-
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venient test vehicle for catalytic effects, An investigation of catalyst loading
in the oxidizer of a cast propellant has bucen performed. Burn rates of these sam-

vles have been cbtained at 600 and 2000 psia.

FUSE WIRE TESTS

Two separate batches of AP and HTPB were prepared for the initial tests of
the addition of 1w} catalyst to the uncured propellant. Tae ratio of 82.T% sclids
(AP} to 17.3% binder (MHIPB) was maintained, consistent with eariier tests(e) .
Tue oxidizer particle distribution was maintained at

180 um < 707 < 212 um

37 wm <309 < b5 pm .

Freon T ¥ was mixed with the first batch of propellant. This decreased the vis-
cosity of the mixture and allowed the propellant to be packed much easier in the
teflon strand molds. The Freon T F could be removed by vaporization at room tem-
perature or by vecuws in the curing oven. The samples were not sufficiently fluid
to £i11 the voids as the freon vaporized. This yielded porous cest propellants.
A1l ef the ocxldizer particles were premixed before the binder end catalyst were
'added to the second bateh of propellant. This propellant was very difficult te
alx and pack in the teflon molds. These samples resexbled the first bateh of

samploy. ihey were porous with a grainy apbearanee.

thirteen fuse wire tesds vere conducted using sauples Lrom these two batches
é:‘ g,myemmts Several varistioss of sawple preparations wore ussd, Different
modes of inhibition were tried on the sides of the samples. Coatings of FVC,
vaccun grease and epoxy were used along with wiater leaching of surface AP and
ineressed flushing nitrogen flows. The results For all sumples were the saxe.

Al fuse wired appeared to bresk simultaneously. Both batches of propellant

B DR CUAUN

A1 it b s b g R

o




TSRO TN, P e T iy SRt E et S o i SIS AR T TS s

behaved similarly. This had not been encountered with the 2.41lwl catalytic samples
of Ref'erence 2. There had been fluctuations of burn rates but not consistently

high burn rates as indicated by these samples.

High speed motion pictures were taken of four samples from these two batches.
Based on & frame rate of 1600 frames per second, the pure AP-~HTPB sample and the
19 Harshaw catalyst Cu 0202 P sample exploded and burned in .015 seconds (24 frames).
The 1¢ rerric oxide sample was completely consumed in .009 seconds (14 frames).

The 1% ferric oxide-iron blue sample lasted for .022 seconds (36 frames).

It is believed that during manufacturing too narrow an AP particle size dis-
tribution was being employed, preventing binder wetting sud good packing. It was
deocided to broaden the particle size distribvution. Based on the length of time
that was necessary to prepure fuse wire samples and the possible areas of un-
certaiaty when the sasple burns rapidly, it was decided to return to the cine-
photemseregraphy for detersdination of sample burn rate and uniformity of burn
rate. Poor quality propellant swsples can be determined immediately from viewing

the motion pictures.

€ INRPHOTUACROGRARHY

he sasples for these toots vere prepared [roim cowmen lots of uncured pro-
pellsns. the golids %o binder retic was waintained at 82.7% to 17.3%. the bi-
=0dad AP particle distribution was broadened to:
180 pm < 35% < 202 u» _
; 135 um < J0% < 212 pm
135 um < 35% < 180 px
) um < 0% < 63 um
37 usm < 20% < U5 30% < 63 un

0% < 37 un




The oxidizer particle size distribution was prepared from ulte -pure
amondiwn perchlorate supplied by the Haval Weapons Center at China Lake, Calif.
It was ground in a 0.3 gallon porcelain mill jar with an assortment of 1.3 and
2.5 em (1" and 1") diameter balls. A series of seven 20.3 em (8") diameter U.5.A.
stanvlard sieves was used to separate the ground AP. A motor driven sieve shaker
was used to vibrate the sieves. The ground and sieved AP was stored in a sealed

container and dried for 24 howrs at 70° C before mixing with the binder.

The propellant was prepared by mixing all of the ingredients of the hydroxyl
terminated polybutadiene with spproximately one half of the largest size AP par-
ticles. This was mixed throughly and all of the AP particles are wetted with
binder. This process was repeated with ell AP particle sizes adding the finest
AP last. This propellant was then divided for catelyst sddition. A minimum of
1) grams of rropellant was needed for each catalyzed sample. The proper amount
or catalyst waz added to the propellent and the nizing process repeated. This
propellent wes cast in 22 ma by 22 mm exbedding molds and cured for seven days

P
at &63°C.

The piysical properties and appearance of the cured propellant was izgproved
by the ineveased mixing time of the propellest and the broadencd AP perticle
distribution, ALl of the oxidizer appeared to be wetied with binder. The cured
propelliant was cut inte convenient sizes [ ms x o x 1%ms) for testing in the

' fe
high gressure combustion spparatus designed by Varney (%) and Joaes (5) .

“hese samples were similar in size o the two-dimensional sandwiches tested
provisusly. his allowed the sexe cinephotomserograghic techniques to be wsed to

vbserve the burning sesples. e sase nitrogen Flows that were detersined experi-




mentally for the sandwiches were used f‘c;x' smoke control. The latent image mag-
nitication was reduced to slightly less than 1:1 (image: actual). ‘The motion
picture speed wag maintained at 1600 frames per second. The sample was oriented
on the sample holder to allow cbservation of two sides of the sample. This ixidi-_

cated the unitormity of the burn and eany effect of the light source on burn rate.

The sample burn rates and their uniformity were determined by recording sam- -
~la profiles at 100 freme intervals by tracing the projected 'burning surface. These

could be used to determine a burn rate every .0625 seconds.

The same combinetion of catalysts, Harshaw catalyst Cu 0202 P fei'ric oxide
and iron bLlue - ferric oxide, that wer. fou:® to exhibit positive synergistic ef-
rects on sandwich vertical burn rate, were tested at 1w, addition to cast propel-
lants. These two combinstions of catalyst were determined by the two-dimensionel

screening experiment and were tested at 2.41wh catalyst addition at 600 psia(a) .

Initially the six samples were tested at 600 psia. lo positibe symergism was
indicated, 50 & second sebt of samples were tested at 2000 psia. The results of

boti of these tests are sikown in Table I.

TABLE I

Surn Rates for Cast Cozposite Propellant (11.22-7k)

Barn Rete (in/sec)

Catalyst £20 psis 2000 pai

v v/ :’;zuh: r v/ rgmr -
lisne , 381 1 Gh L
Harshaw Catalyst Ou 0202 ¢ (o¢) 51 1050 S s
Forrie Oxide {I0) A5 11,32 possitle B3 1.2 sossible
Iren Plue {IR) 34 11,59 Jaynengics |78 1118 bynovgion
oC & 10 A8 1.8 i) B0l Yes
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A "positive" synergistic effect on sample burn rate is obtained when the

burn rate of the sample with two effective catalysts present exceeds the burn

e LR SN TR AN ot S W

rates of both of the corresponding samples with only one catalyst present. The

total catalyst loading is maintained constant for all three samples. A "possible"

§
Pl
i
b3
i
-

synergistic effect on sample burn rate is obtained when the burn rate of the
sample with two catalysts present is greater than the sverage of the burn rates
for the two samples with only one catalyst present. Consequently, a "positive"
synergiem is also a "possible" synergism. A "negative" synergistic effect on
sample burn rate is obtained when the burn rate of the sample with two catalysts

present is less than the burn rates of both of the corresponding samples with

only one catalyst present.

The Harshaw catalyst Cu 0202 P - ferric oxide system did not exhibit a
positive synergism at either pressure, but there was a possible synergism in-
dicated at 2000 psi. There was a positive synergistic effect on sample burn rate
for the ferric oxide - iron blue system at 2000 psi. Because of this the ferric
oxide - iron blue samples and their compunion samples were tested over the pres-
sure range 300 to 2000 psia. The results are shown in Figure 3. There was a pos-
itive synergistic effect at 300 and 2000 psia, a possible synergistic effect at

600 psia, and a negative effect at 1C00 and 1500 psia. The positive synergistic

~effect on sample hurn rate at 300 and 2000 psia along with a review of the favore

nble catalytic =ffect of ferrocene when it was restrained to the binder-oxidizer
(l)led to a new evaluation of possible synergistic effects for all com-
bina‘*‘ons of catalysts. Five new catalyst configurations were prepared to complete
the test matrix. This included a sample with 1% ferrocene added, threc samples with
3% of ferrocene and 3% of the other three catalysts and finally a & Harshay catalyst

Cu 0202 P and 3% ircn blue sample. T.e results are shown in Table IT for 2000 psia.

< e R
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“uf the pure cast composite propellant (5-8-75). When this new burn rate,
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TABLE II

Burn Kates for Cast Composite Propellant (5-8-75) ‘
2000 psi f

Catalyst Burn Rate (in/sec) r/rpure
None .80 1
Ferrocene (F) .75 Ol
CC & IB 1.13 1.l
cc& vy 295 1.19
0&F .89 1.1
IB& F 87 1.09

Initially chese burn rates were ratloed with the pure cast propellant burn rate

of Table I (11-22-TL). ‘hese burn rate ratios are shown in the first column of
Table ITI. A positive Uynergistic effect on samplie hurn rate was indicated for

all new catalyst combinations. This meant that only the Harshaw catalyst Ce 0202 P -
ferric oxide system did not yleld a positive synergistic effect at 2000 psi. Six

separate determinations of sample burn rate yielded a different average burn rate
Toure =
30 in/see was used to ratio the burn rates of semples prepared from the propcl-
lant (5-8-75), the second coluwan of burn rate ratios was obtained in Table III.

The initial indication of five positive synergisma was reduced to positive syner-

gisms for thres systems.

Due to the appurent large difference of burn rate for the pure cast composite
propellant samples a third bateh of propellant was prepared. All combinations of
the four catalysts and theiyr comparison samples were propared. The bura rafes and
their ratios are shown in Table IV for 2000 psia. Tiere was a positive synergistic

effect indicated for the iron blue - ferrocene systuen. ALl indications of syner-

gistic effects were different from the other (wo bavcle’ of prepxllant. There

1n 1
i
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TABLE III

Burn Rate Ratios for Cast Composite

o &
%
1
L
e
‘
u

2
3
. g

. Propellants (11-22-7h) and (5-8-75)

at 2000 psia

N .
Tl i
ey ot ack

':' - “ Catalyst ~/ Tpure Tpure = .66 in/sec r/ Toure Tpure = .66 in/sec
E i or - ,80 in/sec
N None i 1
. Ha shaw Cataly: 3 Cu 0202Pfrc)1.12 la2
E : Ferric Oxide (10) 1.26 1.26
’ Iron Blue (IB) 1.18 1.18
; Possible Possible

Tory 3 Al . . ;
Ferrocene (¥) 1.1% Synargism 9 Synergisin

1. . CC& I0 1.4 Yos 1.2 Yes
AN ¢C & IB l.72 Yer -l.hl Yea

86 % F | 1.44 fes 1.19 Yes

k- 08 I8 1.33 Yes 1.33 Yes

I0&F . 1.35 Yus 1.11 Yes

= Counpt oo bt

= | ' 1B & F 1.32 Yos 1,09 Yes
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appears to be a spread of up to .26 in/sec in the burn rate of the pure cast
samples. This variation is as large as the burn rate augmentation obtained

for most of the catalyzed samples both with single and double catalysts present.
It is concluded that reproductibility with these small mixes prevents a conclu-

sive demonstration of synergistic effects.

TABLE IV
Burn Rates for Cast Composite

Propellant (8-20-75)

Catalyst r (jf/sec) r/ Fhure

None .56 1
Harshaw Catalyst Cu 0202 P (gg) .78 1.39

Ferric Oxide (IO) .85 1.52

Iron Blue (IB) .78 1.39

Ferrocene () .65 1.16 Possible

Synergism

cC & I0 7 1.38 No
cC& IB .78 1.39 ?
cC & F .62 ol No
I0& I 8 1.45 No
I0 & F .67 1.20 No
s ¥ .92 1,64 Yes

CATALYST LOADED INTO AP

Harshaw catalyst Cu 0202 P was selected for tests of loading in the oxidizer

polycrystalline structure because of its catalysis of the AP deflagration process ) .

13
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The oxidizer particles for the investigation of catalyst loaded into the
oxidizer were prepared from special polycrystalline oxidizer disks. Ultra-pure
ammonium perchlorate less than 37 pm in diameter was mixed with lw% of catalyst
and placed in the mold assembly designed by Varncy () . Approximately 5 grams
of this fine oxidizer mixture was pressed at one time. The polycrystalline disk
was subjected to 30,500 psia for one hour. These disks were reground by hand in
a motar and pestle and then sieved. All oxidizer particles less than 37 um in
diameter were discarded. 10% of all remaining sizes was retained for a catalyst
loading determination. The remaining oxidizer with catalyst was cast into a
solid propellant. The oxidizer particle distribution was:

125 pm < 43.7% < 212 um
63 um < 50.8% < 125 pm

37 um < 505%< 63 (31}

Comparison samples of pure AP-HTPB and 1w} of catalyst added to the AP-HTPB

mixture were prepared with the same oxidizer particle distribution.

These three samples were tested at 600 and 2000 psia. The results are shown

in Table V.
TABLE V
Hershaw Catalyst Cu Q202 P loaded in AP
Burn Rate (in/sec)
Propellant 600 psia 2000 psia
Pure AP-HIFB b5 .82
1% CC in AP-Pure HTPB 5S4 .86
1% CC in HTPB-Pure AP .69 1.4%

The maximum burn rate was obtained for the catalyst added to the AP-HIPB mixture.

This is essentially a binder-loaded cast composite propellant.

b

i




All three of the special distribution propellants were difficult to mix. The

cured propellants were grainy and crumbly in sections. Two separate batches

of the pure propellant werc prepared and the burn rate varied as .82 1 .05 in/sec.

A procedure for determing the amount of catalyst remaining in the polycrys-
talline oxidizer structure was developed. The oxidizer mixture was placed in a
60 ml vacuum funnel with & built-in 4O mm diameter ultra-fine fritted glass fil-
ter dlsk. The ammonium perchlorate was dissolved by repeated washings with dis=-
tilled water. The washing was continued for three cycles after the liquid showed
no perchlorate ions when tested with a methylene blue indicator solution. This
solution turns from dark blue to violet in the presence of the perchlorate ions.
The material remaining in the filter was dried and weighed. A catalyst deter-
mination of the 10% of all size distributions ussd in the prepellant was perferm-

ed along with the oxidizer with a diameter leas than 37 um. This allowed a catalyst

balance to be performed.

Ititially 1w of Horshaw catalyst was added to the AP, The measurement in-
dicated & loading of 1.0 # .3% by weight in the AP which went into the propellant.
A catalyst balance was made Ly determining the amount of catalyst in the sieved
polycrystalline oxidizer less than 37 um in diameter. This balence indicated a
possible oxidizer loading of .7 + .2 by weight. The difference between these two
indicated loadings is unresolved.

ANALYSIS
e work of Ref. (2) wes extended to include the effect of binder-oxidizesr

resctions on the surface shape attained by a two-dimensional sandwich, assuming

there are no melt flows. The work is presented in Appendix A. It is shown that,

15
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indeed, fast binder-oxidizer reactions will force a sandwich to go to a V=-shaped
structure, as has been suspected from experimental observetion and physical rea-
soning. More importantly, it appears that the oxidizer-binder kinetics are fast
enough to influence the sandwich shape at usual deflegration pressures and that
the AP flame is not the only heat source which influences the shape attained by
the sandwich.
« CONCLUSIONS
1. Although plagued by reproducibility problems, all possible combinations of
the four catalysts investigated exhibited positive or possible synergistic
effects on sample burn rate at a pressure of 2000 psia.

2

The synergistic effects are weak and within the range of the reproducibility
of the experiments. Consequently, they are of doubtful practical utility with
the catalysts investigated in these experiments.

3. The ferric oxide-iron blue system, which was the only system tested over the
300-2000 psia pressure range, exhibited weak posititive synergistic effects
only at 300 and 2000 psia.

L. The cast propellant samples with Harshaw catalyst Cu 0202 P loaded in the
oxidizer particles did not burn as fast as the binder loaded samples at
600 and 2000 psia. liowever, difficulties in the experimental determination
of the actual catalyst loading in the oxidizer particles render the results
inconclusive,

5. Analysis has shown that the faster are the binder-oxidizer svactions the

more Veshaped will be a sandwich when deflagrating, reinforeing prior

interpretation of sandwich shapes and the effect of catalysis of bindere

oxidizer reactions on surface shape.
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1o Gl Ante o e e

e

o owl w P> 5 0,

&

»
R

HOMENCLATURE

constants in the perturbation solution

distance above solid surface at which the mass traction of H(B.Oh venishes
specific heat of solid phase

specific heat at constant pressure

deviation of c¢ from the one-dimensional value
activation energy

dimensionless temperature, T/T0

deviation of g from the one-dimensional velue
specific enthalpy

dimensionless specific enthalpy of formation -ho/cpTO
specific reaction rate constant

k p2/W2

dimensionless preexponential factor

linear transport operator

root for exponential solutiona

mass flow rate per unit area

endothermic heut of gasification

heat of reaction in the gas phase for ‘ths pure AP deflagration
bwrn rate

temperatwre

production rate, mass/volume/time

dimensionless production rate

molecular weight

horizontel coordinate

vortical coordinate

mass fraction

mass fraction of 1&13 at solid surface for one dimensional case.
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Y deviation of y; from ore dimensional value
y deviation of Y from ¥

F (1+y'%) 1/2

o thermal diffusivity or constants in perturbation solution
B constants in perturbation solution

e dimensionless activation energy, E/RTO

L ¥y -y

A thermal conductivity

g c, As/cslg

0 density

T, reaction time

Subscripts

0 cold &olid values

1 reaction 1 or values at = ¢

2 reaction 2

3 reaction 3

b reaction 4

B binder

R lﬁ%

Fy HC10,,

B products .of AP deflagration

P.?‘ products of mct;ion 2

P3 products of binder-oxidizer recaction

AP pertaining to one dimensional AP deflagration
g gas phase

S solid phase or at the sclid-gas intoerface
s in the gas phase at the solid-gas interface
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INTRODUCTION

In Ref. (A-l) an anslysis was conducted of the deflagration of a semi-
infinite slab of ammoniwa perchlorate (AP) adjacent to & semi-infinite slsb
of binder. It was assumed that the binder was dry and passive so that reactions
between the oxidizer and binder were too slow to be effective in driving the de-
flegration, and there were no melt flows to complicate the binder-oxidizer irter-
face region. Tue slow reaction assumption requi—ed that the AP self-deflagration
was the only mechanism responsitle for pyrolysing the bindsr. Accordingly, the
snalysis could oaly be valid sbove the low pressure deflagration limit of the AP,
Ir. the current work the assumption of slow binder-oxidizer reactions is relexed.

However, for analyticel tractability the no-melt-flow assumption is retained.

It was found in the previous treatment thab regardless of binder type the
AP would deflagrate with & nearly horicentel surface, far from the binder, end
the surfece would dip Jd2vn Saaganly as the binder was =pproached. There was then
& slop? iiscuntimuity at the bindere-oxidizer interface end the binder, for usual
bdindes propertices, would asswze s nearly vertical v,slepe. 8y relaxation of the zero
binder-oxidizer rosction rate sssusption i¢ is desired to find a =odification to the -
surface slope shat is inverisbly produced when & catalyst is sdded éxperinmtally
(‘*:'°2). iﬁa; $5, tho AP assuses & s#al.l scute angle with respect $o the nearly
verticsl binder. The reaetions between the oxidizer and binder drive the inter-
face reglon at & fastor vertieal burn rate than was possibls when the AP deflag-

ralion above wis rospoasible for the oversll sendwich burn rate.

ANALY SIS

fonetions Congildersd

The sixplest possidle set of gas phage remctions which it appears possible
to choode and still stwwe the doximant processes is a set of reactiocns consistent

24
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with Ref. (A-3). This is
¥

By v¥, = By
i
2
F.+B =P
2 §3 2
B + Pl ; P3
_h
B, +F P3 (1)

Here Fl denotes NH3 and F2 denotes HC_‘J_oh presumed to be the major reactive
products liberated from the AF surface. Species B 1s the binder pyrolysis pro-

duct and Pl is some produzt intermediate. P3 is the final product of the oxidizer

binder rz=ction. It is to be noted, of course, that these are a simplistic set of

global rcactions only chosen to describe gross effects.

Ir order to apply fundamental chemical kinetics to the above reactions it

will first be assumci that Fl’ F and B have identical molecular weight W. Then

Pl has molecular weigat 2¥%, 25 does PB’ and P3 has molecular weight 3W. Using
(A=k)

fundamental kinetics laws , the production rates of the various species

may be written

MYY A
le T2t *

2 F.

1l

By oy -k
wp =k ¥ F“eYFQYB

LRy vy SiTy
wg o= ko Yp Yy 'et;

2

v ak:’f Y.y <% oy ¥
P R
v =k ¥, Y. -% Y., Y
P, 2 1-*2 B L P2 10y
v sh Y Y. +2% Y ¥

= o 5 -
P3 B ¥ | 2% 12 Fy )
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These expressions must be used later in the species conservation equations.
Substantial simplification will occur, however, if the boundary conditions

on the species are first examined.

Species Boundary Condition

*, %
Making distance dimensionless by ozs/r and using Fick's law of diffusion,
as in Ref. (A-1l), the boundary condition at the gas-solid interface for any

species may be written as

K
oY o+
i\ = S s
m / + Z (Yi T TE ) (3)
3 S ms.|.

where 3/dn = (1/2)( 3/dy) - (yé/ z) (3/3x) . See Fig. (A-1) for the configuration.
In order to evaluate the derivatives along the surface the same approach as

used in Ref. (A-1) will be used. A functionel form for Yi is chosen as

Yo=Y + (Y - ) (y-yi)/e (%)
S

i j's 1

with Y, , Y, » ¥ » and ¢ as unknowns to be determined from the conservation
s 1
equations. All of these unknowns are functions of x. Note, however, because

of the definition of ¢, YF
2

in Eq. (3). First, however,~look at the mass flow ratio in Eq. (3). On the binder

= 0. Bq. (4) will allow evaluation of the derivative

surface only binder can penetrate so the mass flow ratio is unity if i=B and is
zero for all other species. On the AP surface, consistent with Ref. (A-5), Pys
'E‘l and I-‘a arc the species for waich the surface is a source. lLet G be the frac-

tlon of the surface mass flow which is Py and then (1-C)/2 will be the mass flow

ratio of ¥, snd F,. This "dilution ceefficient", G, will Le assuned independent
of x, in accord with the independence on surface temperature shown in Ref. (A«5).

By (3) eadw “uled for ¥y s an example yields
-Y,,
"

S

¢

»

O o

] Y‘_' 1 € r B, R St
Ly el 2 "’G)] ©)

"l

On the other hand, when evaluating ¥q. (3) for F) on the binder but just at the
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interface, more care must be taken. For no mass sources or sinks the Yi and
1
Y, of Eq. (4) must be continuous at x = O and their first derivative must be
8

continuous. However ys' undergoes a discontinuity at x = O, Therefore, Eq. (3)

Just to the right of the interface is

YF yz , ,
1 _ts sp [YFl R T R T A Y (6)
ZB c ZB 8 c 5 _l z 8

B
where it is understood that Eq. (6) is only good at x = O. Eq. (5) is a boundary

condition that applies all along - © € x < O, The boundary condition on B is

’

T § [ A §
B, - "B ¥y B Y. B, B
1
1l s__g[s_s(l s)]=_§_!Bs (7)
z c z c z
but right at x =0
Y Y v/ '
1 Bl‘BS_SBrYI;_i'g(YB_YB)],:g_(!B-l)
2y c zBLs c 1 s Zy 3

(8)

Egs. (6) and (8) may now be investigated concerning orders of magnitude.

A perturbation solution will be sought so that at x = 0, which is the binder-
oxidizer interface, only a small perturbation on a one-dimensional AP deflag-
ration will be taking place. That is, the P2, P3 and B mass fractions will be

small compared with unity and the deviations of FJ. ’ F2 and Pl mass fractions

from their one-dimensionsl deflegration values will be small compared with unity.
Guided by Ref. (A-l) it will be assumed that y;B is large compared with unity and
ys: is small but that this product may be of order wnity. Derivates in x will be
of order € compared with unity and § is large. It is assumed that y; is of the
order of € or larger and all perturbation quantities are of the order of 1/§.
From Ref, (A-1l), ¢ i5 of order 1/E. Using these orders of magnitude in Eq. (8),
the largest terms, which are of order £, are

v. ¥l (0) =€
8, B, (9)

Splitving YF
1

and ¢ into unpertwrbed and perturbed parts and using Eq. (6),
s

25




the boundary condition is 7
F
¢ ‘ 8
Y. VY, (0)= - L r o'\~ BT
: 5g ¢ (1+ Y Vs ) §YF (10)
s B 8
. An equation similar to Eq. (10) holds for F,.For P, the equation is
2Y, -
I e (O FS
Vs, Yo, O = == (1sy'y y.g (12T ) (11)
B ls ¢ s “sp FS

However, investigation of the interface conditions for P.2 and P3 yield

ng (0) =0 = Y1;3 (0) (12)
S S

’

Equations (9) - (12) hold at x = 0. The corresponding boundary conditions which
hold for the unperturbed and perturbed quentities. slong the AP surface, - * < x <0,

are

(g+i-) T =51-0) (13)
e s 2
for the unperturbed quantity and
. ¢ (%, /B + (g +1/ We =0
s ls
C (Y’F /52) + (e +1/c )VF =0
s 23
(e+1/e) Y y /e
g BS - Bl/c = 0
(g +1/c)y y /o -
pes- p2/c =0
L
- -2 -
c (Ypl -1) /c© - (g +1/e) Vpl + Vpll/'é =0 (1k)
s ]

for the pertwbed quantities. In the above, terms of order 1/€ compared to wnity

have been dropped.

Gas Phase Solution

The conservation equations have been developed in Ref. (A-l) s 80 they will

only be stated here. Using the variables 1| = Y- ¥ x instead of y, x , the

26
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energy equation is 6

.{’,s-—-2+z = 3 - § — ) — (15)

For species i the conservation equation is

*

~ * * * %
t(r) =¥ s-wa e T/ M) (16)

in

Combination of Egs. (15) and (16) yields & aimple homogeneous equation

\
L (g +,. ﬁi

i=t ©

Y, ) =0 an

In Eq. (15) the operator 4 contains 22 =1+ y; 2. To the accuracy of the

analysis y; 2 nay be neglected compared to unity. For the unperturbed deflagra-
tion of AP, field quantities are functions of 7 alone. The solution for the AP
deflagration has been presented in Ref. (A-l), except for the modification due to

the dilition coefflicient which is included in this work. The solution ig

il

+

[Tg ]
A

]
L7

- 1
T, (u E(l__;_q)—.:Q

| o

s
lit
. ot

- [ - - -
2 3 | <1-_2—>2exp{-el/[ss+<gi-gs>21}«}_})

(G
1
o3t
7]
i
n
5
’=j‘<|

i

ﬁFlo" ﬁplo (28)
In this work the thermodynamic properties of Fl and F2 are assumed identical to
each other, for simplicity. All numerical computations have been performed for
§=9.0 , g =k.022, g, = 2.93, G = .75, ¢ = 119 and YFl = .0634. This corresponds
to burning at 800psia, but the dimensionless results are 8qnite insensitive to
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pressure, as explained in Ref. (A-1).

The solution of ZIgs. (lh) and (15) is by an integral techninue, Using
Eq. (4) as a guessed form for the mess fractions and g - gs=(gl-gs) Ve for
the temperature profile, Egs. (16) and (17) are iantegrated in 1T fiom 0 to c.
This yields ordinary differential equations in x. However, appearing in these
equations from integration of the second term in 4 from Eq. (15) is the 7 -
derivative of the appropriate quantity eveluated at 1 = c. This is an unknown.
To eliminate this unknown, as discussed in Ref. (A-l), the parsbolic form of

Eqs. (14) and (15) are used at N = c. That is, in Egs. (14).

2
ax2 T=c o /M=c T=c

is used to eliminate in/an )ﬂ=c in favor of the x - derivative and reaction

rate. A similar operation holds for Eg. (17).

The next step in the solution is to let each unknown be represented by its

unperturbed, one-dimensional value plus & perturbation component. The equations

ere then split into unperturbed equations and perturbastion equations and the

perturbation equations are then linearized. The unperturbed equations have Egs.

(18) as the solution, after using Eq. (13).

It is first instructive to view the solution for the binder mass fraction.

The differential equation is
X4 - ¢! -
Yo, (c/2) + VB, (3/2 +1/8)
+{y y - I
Be- By )& +2/3) =%, V5, Izs +/5) Ial }

1 1. -
*3 ﬁa {VBS Ias +VBl 131 } 2 ks,VBl e'83/3l (19)

where the reaction rate lntegrals are evaluated from the unperturbed solution
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o1

T (1-15) /e

‘\)H
H
[}]
e
ol

s 6 b J
Bo=] Bm (1-n5) c&Em i
(o]
-
I3l = JP Ypl e-.813/g d'ﬂ
(o}

Notice that all I's are positive. Now viewing the binder boundary condition in

Egs. (l)-l-),VB = yBl
s

order differential equation with the solution

yB =AB eme

8 8

Consequently, Eq. (19) is a homogeneous, linear second

D OO L n e Bt ks ol RS T R AR L

Meking the required substitution m, sstisfies

. 4
G A e bt AT ke i
G TCERGETON TR DR e B DU, S RAT Y IEAE Y T i 3

2 - -

= §g+l§cl(§+ y) +&/c ;

® T c)(c/2 +1/8) +1/2 (20)

where ‘
€=k, 1 +£ I

272 2k3 3¢ ‘

By inspection,therefore, mB2 is positive and oy has two real, equal roots of

opposite signs. The positive sign is accepted so that VB will decay to zero

at x = == The constant of integration, AB& is determined by application ‘:
of Eq. (9)

Ay = §/(mBy;B )

8

The binder solution is therefore completed without knowledge of the behavior

of the other mass fractions. Either reaction 2 or reaction 3 will increage n,

[see Eq. (20)] as the reaction rates increase. This has the effect of lowering
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the amount of binder present in the gas phase [Eq. (21)] and of inereasing the
decay rate of binder as i proceeds away from zero. These are obvious physical
facts since reactions 2 and 3 are disappearance reactions for the binder gases.
Also note from Eq. (20) that my is indeed order §, if € is less than or equal
to order unity. As a consequence Y]; is of the order of §VB, as asserted sbove.
For € = y= 0, m = 6.73. Note furthermore that m, is independent of 'fr; , under
the restriction already imposed that ?; is of order 1/§.

All other mass fractions do not behave in an autonomous manner, however.
The differential equation derived from continuity of the 132 species, for example,
yields

4 X4

Vpgs (c/2) + Yo, (3/2 +1%)

8 1 11
+k I, + I (22)
1&{ Vp2 hs Vp2 hl}
] 1
where, as before,
@ _ - 8./
o= T, M1/ 88
s O
I, = Pc'f' (m e-ei/é an
1, = J 'F
[0}

Considering that Vp « Vp from Eqs. (14), Eq. (22) is & linear, second order

2s 21

equation in, say, P2 » but it is inhomogeneous because of the appearance of the
s
binder mass fractions. It follows, therefore that Vp will have a solution of

2

the form 8

b
s

y Ap o, X x
P, = 2 + « Mg
2s ?.se o €

It may be verified by substitution that the root to the homogeneous equation,

mpa » increases with an increase in rate of the destruction reaction, reaction 4,
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1 i
(. Application of Eq. (12) yields
. Lo A - m ’
g o P2 = P2 mB/ P2
S 8 8
. I Continuing for P, the solution would look like
~- / : . . - - ;
o § y = A emp3 +a empa{x +8 e"B% 3
%‘ 8 8 s 8
: since the production of P3 depends upon both B and P2. However, since P.3 is z
il 1
4 ¢
3 never destroyed m is determined by Eq. (20), setting € =y = O.
Here m, = m = 6,73 and all decay scales other than a fixed m are set by m 3
i =§ : 3 2 _ ::.
i and m.. '
: : The situation with Fl,F2 amd Pl are more complex, however, since they )
i T
; contain unperturbed as well as perturbed :omponents. Only two of them need
' il
i ; be considered, however, since
1. Y +Y +Y +¥Y + Y =0 !
E ‘ Fl F2 B N p3
- A Here Vp will be eliminated and only Fl and F2 are considered. Furthermore,
3 ] 1
E E consider now the case where k, and k) are zero (only a diffusion flame be-
4 3 tween the binder and AP deflagration products exists). In this case the eg= .
i . uations for F) and I, are the same, as are the boundary conditions.
Consequently VF = VF s a8 1s obvious since there are no chemical reactions
: 1 2
H that prefer one over the other.
)
§ The differential equation for conservation of Fy (or F,) is
‘ c(E /o) + VGG + Y fo -cT, /P
_ F F. F F
E 8 1 1 s
i s s
3]
3
g +Y'T o+ Y o (3q/ey., ) . * (3Q/3¢) ¢
v | Fg R h'om
1] s s s
3
i + (BQ/ayl) G + (5Q/3gs) Gy (23)
where the derivatives of Q may be evaluated from Eq. (18). The unknowns are now :
c, VF , y; G, and G,. The boundery condition of Egs. (14) provides an algebraic
s
3 i
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relation between C and YF > A second algebraic condition comes from the assump-

1
tion of an equilibrium gasSsolid interface (A5, A-1) , whereby
Y, o~ <€_e Y G € T
Fls _ bFe B./8s , Fls - s_ B sp (2k)
842

A fourth equation in the five unknowns is obtained by integrating Eq. (15) and

applying the perturbation procedure

(6" + 67’ )(3/2) + (g, - 6) (& +1/z)
' N " Y (a
RS IR i RS AICE
F)sF, P8 °
. vil"/g AR AR LY )} =0 (25)

Equation (25) is not a homogeneous equation in the five unknowns because under-
neath the summation sign sit Yp and VB » whose solutions are now known.
s
In the current case the operation on P3 in Eq. (25) is the homogeneous operator
mp3x mx nﬁx
which wipes out the e ~ = e solutions,One is therefore left with only e

type of behavior. The only way for the four equations in five unknowns to have

& solution and still satisfy the boundary condition of Eq. (10) is to let

npx m Bx

and use the boundary condition as an additional equation. It is to be noted that

this procedure also holds if ﬁ3 < 0, the case of a purely inert bvinder. This latter

case 1s the one treated by Ref. (A-l), but the solution there did not involve Eq.

(9) « It is now believed that Ref. (A-l) is in error since Eq. (9) must be satisfied

for consistency. In any ovent, following the solution procedure, eliminating C and

G, aus recalling that in Eq. (10) y; (0) = S'S' + A:; » there result three equations
32
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in three unknowns of the form

Aq Agl + A, AYF =3 VBS (ﬁp3o- ﬁplo)[e +(L+c€) y]

n
(o]

A2l Agl +A22 AYF +A23 AYI
¥. r =t -:]
Fo L8+ (1 +y ysB) /e

A + A ¢ = -
32ty sy "y Vg

(26)

It may be verified in Eq. (26) that A11<° and for excthermic reaction between B

and P,, the heat of formation difference in the first of Eg. (26) is negative.

1l
Since € and y are positive, the first of Eq. (26) clearly shows that the re-

action tends to elevate gy

RESULTS

Consider first the solution for no reactions, € = I' = 0., For various ys'

B
and S'r; values the solutions to Eq. (26) are shown on Fig. A-2 as Ag vs ys' (0)=
1
578' + AY-'. The values for ys' increase as one moves to the right along any curve

B
of fixed 37; It is seen first of all that there are no solutions for which

y; (0) >0. Furthermore, in regimes where & -él are less than zero, waich is
the only physically reasonsble regime, since the binder is a heat sink, y; <§;.
This means that the AP surface turns down to attempt to intersect the binder at

an acute angle, rather than an obtuse angle. This is demanded by the gas phase

solution alone and does not depend upon binder or AP properties in the solid

phase. This character of the solution is somewhat counter to the author's in-

tuition. It was expected that the AP would curve upward as the binder is ap-

proached.

For the case with reaction consider a high activation cnergy case so that

y is dominated by the last term and €< <y . As on example takey = 0.15 and
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8 - ﬁp = <10. On Fig. A-2 the dashed line shows the solution for S'; = 0.1, I

(o Q . :
The tamperature is, of course, elevated as compared with the no reaction case.

Here there is no good physical argument to reject solutions for Ag > 0. However, '
al ;

only one solution curve is shown and for 3'; = 0.1, Ag <o0.
L

In order to show which binder properties belong to each point on the curves
of Mg. A-2 one must consider first the solution for the solid phase heat transfer.
This solution was cbtained in Ref. (A-l). By inspection of that solution, invoking

the continuity of the heat t.ansfer vectors in the solid and gas phases at the in-

tersection of the binder and oxidizer, and applying the order of magnitude argu-

ments, the solution for the binder heat of gasification is

4 = oy A Vs +£l+y;By;(o)kﬁ_’_§3 *1‘§s] (27)
s B -
; §C

It turns out, therefore, that the result is independent of the solid phase solutien.

This is a remarkeble property of the problem. The final link to the binder is the

pyrolysis law. As stated in Ref. (A-l) this is

by e"eB/ 85

1

——————— T eiam. , (28)
L Lt 2 ¥ :
( 1 “Js-ﬁl )

Given tho activation energy, bg is direetly detornined by y; ) Siflce pr = 7Y
consistent with the orders of magnitudes considered here. Then ¥y. (27) deterzines

the allowable ¢ for esy given 7 ; , which is the eigenvalue of the prebles.

3

e results of this calculation are pletted for ﬁ;@l 0 i-ﬁictégf«n ease in
Fig. A-3. Given a set of binder properties detersdses the ﬁigém&iue y; on this
plot, The disappointing result is shat within the solutisn sonstreint that :}; is-
seall thore are ne solutions for bindor progertices of interest. Shown, i exaxple,
are the CIPB and HIPP points for properties tuken Irom Ref. (A-0), There sisply

arc no solutions to the problen for which Ag .»;@ at large positive g, What
2

H
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must occur for binders of interest is one must consider the fully nonlinear set
of equations. Nevertheless, this solution may be used as a guide to investigate

the qualitative effect of parameter changes.

Within the regime of allowable solutions, which basically limits the solution
to small pesitive or negative Ap and 37'; > 0, in increase in pyrolysis rate at fix-

ed a4 increases fr;. An increasz in heat of gasification at fixed pyrolysis rate

’

(:,rs fixed) decreases the slope of the AP far from the interface (S}; decreases) «

B

For the case with reaction, considered above, the solution for ir; = 0,1 is
shown on Fig. A-3. Exothermic reaction shifts all of the curves to lower U for
fixed y; « Therefore, for a fixed set of binder properties the exothermic reactions

B

decrease ;’s‘ That is, the solution says that reactions tend to promote an acute

' angle between the oxidizer and binder, as is experimentally cobserved.

Tracing through the nondinensionalization procedure and for the numdbere used
* * pe %, 0%
here a characteristic reaction time is given +: l/1'r = 1\3 e'€3/ &) % o M ’
]
= 0.1 (which depends on y; through Eq. (9).

B
s B
From Ref. (A-T) a typical reactich time under these conditions may be computed to

* :
and T & 10',‘ sec at 800 psia for VY

ba lO‘ssec. Therefore, typical reaction times are well within the range tnat a
significant impact would be made on the gandwich shape by the vinder-oxidizer
reactions. Furthermore, for completencss reactions 2 and 4 should be considered.
However, because of the limited applicability of this solution together with the

’ gualitative inforamation already gleaned from t.he solution, no further compuintions

will be wmade.
COLCILUSICHS

1. & linearized solution using an integral technique has been found to the problea

37




of a deflagrating semi-infinite slab of AP adjacent to a semi-infinite slab
of binder which is capasble of reaction with the AP in the gas phase. The ;

solution was found to only be valid for binders which are difficult to gas-

g ify (low pyrolysis rates) and with low or negative (exothermic) heats of ,
1 ;
A gasification. A further restriction to the solution is that there are no

melt flows. :
2. For typical reaction times the binder-oxidizer reactions are fast enough to

substantially affect the deflagration rate. The effect is to make the slab of

e TN S aS Ttk S e LR AR
o SNSRI Lo St N A S B

AP intersect the binder at an acute angle, giving the appearance that the in-

5

S
b oipati ool oyl st 2003
[O\]
-

R R S iyl Pu,
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terface region is driving the deflagration rate, which it is.
The solution predicts that as one approaches the binder along the AP suriace
the AP surface becomes convex from sbove, which is somewhet counter to physi-

cal intuition.
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